Abstract-This paper proposes an initial synchronization architecture for the sector search process in third-generation partnership project (3GPP) long-term evolution (LTE) communications. The proposed system, consisting of three techniques, takes intercell interference, intercarrier interference and multipath fading into consideration with assistance from inherent diversity. The outage and detection probabilities are derived by taking multisector diversity into account in the coarse timing alignment. The long-lag differential correlator can achieve approximately 4.7-dB signal-to-noise ratio (SNR) gain in primary synchronization sequence (PSS) acquisition probability. Joint estimation of the residual timing error and the fractional frequency offset is achieved by evaluating the short-lag autocorrelation at an orthogonal frequency division multiplexing (OFDM) symbol duration. Mean-square errors obtained via simulations are compared with the modified Cramér-Rao lower bounds derived here. The proposed technique can achieve approximately 6.9-dB SNR gain when it is compared with that assisted from the synchronization signalling. Joint detection of the integral frequency offset (IFO) and the sector identification (SID) is achieved by exploiting a frequency-domain (FD) matched filter (MF) to deal with frequency selectivity. Differential detection on a segmental FD MF is considered in frequency-selective environments. Computer simulations are conducted to verify that the proposed technique can achieve high IFO and SID detection probabilities.
I. INTRODUCTION
T IMING error correction and carrier frequency offset (CFO) compensation are important for initial synchronization in any wireless communication application. When a mobile station either turns on or experiences a handover process, the mobile station must search for a base station (BS) and determine which sector in the BS can provide satisfactory service. This process, called cell search, usually employs the synchronization signals that are transmitted periodically from surrounding BSs. The sector search must be completed first in the cell search process. Specific tasks that are conducted in the sector search of third-generation partnership project (3GPP) long-term evolution (LTE) communication systems include (1) coarse timing alignment, (2) estimation of the residual timing error (RTE) and the fractional frequency offset (FFO), (3) integral frequency offset (IFO) detection, and (4) sector identification (SID) [1] . It should be noted that in orthogonalfrequency-division-multiplexing (OFDM) communication, the RTE is a timing error smaller than the length of a normal cyclic prefix (CP) length; the CFO is often normalized by the subcarrier spacing f ; the FFO, whose value is in (−
2 ), is the fractional part of the normalized CFO; and the IFO is the integer part of the normalized CFO.
Due to the rising interest in carrier aggregation [2] and coordinated multi-point [3] techniques, accurate estimation of the timing error and the CFO upon initial synchronization as a component of the sector search process are of increasing importance. Extensive studies of LTE sector search have been undertaken previously [4] - [16] . In practice, a mobile station receives signals coming from surrounding BSs. However, previous studies [4] - [19] do not take multi-sector reception into account; moreover, many of the previous works have not considered multipath reception, and many of the previous works have not carried out rigorous statistical analyses. This paper proposes an initial synchronization architecture, unlike the previous works [4] - [16] , which only focused on one or two subsystems. The techniques in the proposed system take intercell interference, inter-carrier interference (ICI), and multipath fading into consideration with assistance from inherent diversity and operate as follows. (1) The proposed system first extracts the long-lag autocorrelation between the received signal and its half-frame-delayed replica via a differential correlator to coarsely search for the primary synchronization sequence (PSS) location for conducting OFDM frame synchronization. The differential correlator follows a first-order infinite-impulse-response (IIR) lowpass filter (LPF) and a downsampler. Meanwhile, this technique can utilize multi-sector diversity to improve the detection probability by approximately 4.7 dB in signal-to-noise ratio (SNR). (2) After the PSS location is obtained, the frame structure can be roughly delineated. Then the RTE and the FFO can be jointly estimated to achieve OFDM symbol synchronization by exploiting the short-lag autocorrelation extracted from the CPs. Averaging over 70 CPs not only effectively reduces the interference and noise coming from beyond the PSS band, but can also exploit the time diversity that exists due to channel variations 1536-1276 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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over time. This method can achieve a 6.9-dB improvement in SNR compared with methods assisted only from the PSS. The modified Cramér-Rao lower bounds (MCRLBs) of the joint estimation of the RTE and the FFO are derived. (3) After the FFO is compensated for in the preceding step, the proposed technique can employ the subcarrier-level differentially coherent detection method in the frequency domain (FD) for joint detection of the IFO and the SID. This process performs PSS acquisition in the FD with reduced ICI because of the FFO compensation and can effectively exploit the inherent frequency diversity with a segmental FD matched filter (MF). The method can achieve high IFO and SID detection probabilities with assistance from the FFO compensation prior to the joint detection and the segmental FD MF. The remainder of this paper is organized as follows. The frame structure of LTE and the PSS are reviewed in Section II. Previous studies are reviewed in Section III. The system architecture is presented in Section IV. A baseline system for comparison is described in Section V. Performance benchmarks are derived in Section VI. Comprehensive simulations are conducted in Section VII. Finally, concluding remarks are provided in Section VIII.
II. FRAME STRUCTURE OF LTE AND PSS REVIEW
One frame on LTE downlink transmission spans 10 ms. Each frame consists of ten 1-ms subframes. Each subframe is composed of two 0.5-ms slots. Each slot consists of 7 OFDM symbols, with N = 2048 samples each, 160 CP samples prefixed to the first symbol and 144 CP samples prefixed to each of the remaining six symbols. The occupied bandwidth is 20 MHz, the sampling rate is f s = 
Because LTE communication adopts a carrier frequency of f c = 2 GHz and the oscillator instability tolerance at a mobile station is up to ±20 ppm of f c , the worst-case CFO is evaluated to be ρ = 40 kHz. The normalized CFO can be expressed as ε T = ρ f = ε I + ε F . In the worst case, the normalized CFO is ε T = ±2.6667, the IFO is ε I = ±3, and the FFO is ε F = ∓0.3333.
An LTE communication network can support 504 different cell identifications (CIDs). These CIDs are categorized into 168 CID groups (CIDGs), which are indexed as V ∈ {0, 1, . . . , 167}. Each CIDG consists of three sector IDs (SIDs), which are indexed as v ∈ {0, 1, 2}, each for a sector [20] . Therefore, a CID can be determined completely by N CID = 3V + v. The PSS and SSS are arranged in the two last OFDM symbols in the first slots of subframes 0 and 5. The PSS signalling is the same in both slots, thus providing a coarse timing reference for frame delineation. The PSS signalling in the time domain (TD) is obtained by taking the inverse FFT (IFFT) of one of the three candidate Zadoff-Chu (ZC) sequences. Each root index u rt [v] of the family of ZC sequences represents an SID v; i.e., u rt [v] = 25, 29, and 34 for v = 0, 1, and 2, respectively. The subcarriers are modulated by the employed ZC sequence using the following mapping relation:
where n is the subcarrier index. The TD PSS can be expressed
III. PRIOR STUDIES
For the first task conducted in the sector search of 3GPP LTE communication systems, either the autocorrelation of the received signal that is extracted on a fixed lag or the crosscorrelation between the received signal and a local PSS is employed for the coarse timing alignment between the received signal and the local reference. The former technique often exploits a differential correlator to search for the location of the PSS using the periodic occurrence of PSS signals. Conventionally, the CFO might be estimated by exploiting the phase at the output of the differential correlator as in the previous studies [4] and [5] . In practice, the differential correlator cannot be applied to CFO estimation, but only to timing error estimation, because two identical PSSs are far apart, i.e., one half of an LTE frame, so that the range of a CFO estimator based on the arctan(·) function becomes too narrow and impractical. Thus, the previous studies [4] and [5] can work for CFO estimation only when the differential correlation is evaluated on two contiguous sequences in which a very limited CFO occurs. Furthermore, the differential correlator does not work well in environments with low SNRs because it creates two noise × signal terms and one noise × noise term; therefore, the differential correlator suffers from significant noise and unavoidable interference [17] , [18] .
The cross-correlation technique often jointly estimates the timing error and the CFO by exploiting a pseudo-noise (PN) MF [6] - [10] . Although this technique may have better SNR performance than the former technique based on the differential correlator, it suffers from the accumulation of undesired phase increments for a non-negligible CFO. Employing multisector reception increases the complexity of the MF technique by at least a factor of three because the MFs must individually match the three possible PSSs conveyed in the received signal. However, the differential correlator need not increase the complexity when considering multi-sector reception.
For the second task, a previous study [11] employed an estimator that was similar to the joint maximum-likelihood (ML) estimator first addressed in a pioneering study [19] to estimate the FFO and the RTE. This technique [11] also suggested use of averaging across a few OFDM symbols in the estimation of the CFO. Because of the phase wrapping problem, [11] and [19] can only deal with the FFO. Therefore, [11] suggested to determine the IFO by means of the secondary synchronization sequence (SSS) in the FD. For the third and fourth tasks, the previous works [12] - [16] determined the IFO by means of the PSS in the FD. The IFO determination methods of the previous works [12] - [16] will suffer from severe ICI if a non-negligible FFO is present. Although [12] proposed an FD differential correlation process, subcarrier-level differentially coherent detections for IFO detection and for FFO estimation were first addressed with rigorous statistical analysis in the prior studies [17] and [18] .
IV. SYSTEM ARCHITECTURE AND STEPS OF SECTOR SEARCH
The complex baseband equivalent signal is employed hereafter. At a BS, the PSS p v [k] is fed into a transmit filter g(t) with a null-to-null bandwidth B 0 = 1 T s , and the resulting signal s v (t) then propagates through a channel. The transmit filter g(t) can be in the form of a square-root raised cosine filter or even an ideal LPF g(t) = ). Considering the cellular structure depicted in Fig. 1 , a mobile station at any location receives signals that are transmitted from several surrounding cells. The components of the received signal can be categorized into three kinds:s 0 (·),s 1 (·) ands 2 (·). Therefore, the received signal at a mobile station can be expressed as
where ρ and φ v are the CFO in Hz and the initial phase error that unavoidably occur in the front-end noncoherent downconversion process, respectively; τ is the timing error; α v is a channel weight that models signal attenuation and fading occurring with the signals from surrounding sectors indexed v; andw(t) is additive white Gaussian noise (AWGN) with power spectral density (PSD) N 0 W/Hz. In accordance with the central limit theorem (CLT), α v usually can be modeled as a zero-mean circularly symmetric complex Gaussian random variable (RV) for Rayleigh fading because any components v (·), v = 0, 1, 2 is composed of signals that are transmitted from several surrounding BSs and then reflected by many objects surrounding the mobile station. Furthermore,
, and E s is the energy per sample. Only frequency-flat Rayleigh fading is considered in (2) because the multipath components are unresolvable compared with the reciprocal of the processing rate at the first subsystem. In (2), different sectors provide signals corrupted by independent channel weights and different initial phase errors, but a common CFO ρ and a common timing error τ . The differences among the timing errors occurring in the PSS signals from different cells are negligible, and their effects can be taken into account by the initial phase errors φ v , v = 0, 1, 2, because the carrier frequency f c is usually very high. Then e jφ v , v = 0, 1, 2, are taken care of in α v , v = 0, 1, 2, as presented in (2) . The frequency differences among neighboring sectors are negligible compared with the CFO occurring at the local oscillator of the mobile station. This consideration is also practical when the following two facts are taken into account. First, all neighboring BSs are connected to a master clock by satellite or optical fiber links [21]- [24] . Second, the local oscillators operating at the BSs are usually of high accuracy by commonly using oven controlled crystal oscillators so that the carrier frequencies of a few neighboring BSs vary insignificantly. As a result, the CFOs are dominantly owing to the instability of the local oscillator at the given mobile station; therefore, the CFOs can be considered to have a common value for an individual mobile station. The system architecture proposed in this paper is depicted in Fig. 2 . The received signal is fed into a noncoherent down-conversion process and then into an analog LPF with
). The received signal is sampled at rate B 0 = 1 T s to generate the sample stream
where the variance of the noisew
. For simplicity, the transmit and receive filters are both set to be ideal LPFs without loss of generality. These filters can be substituted by any filters that obey the Nyquist pulse shaping criterion. In the subsequent subsections, three techniques, i.e., (IV.A) coarse timing alignment, (IV.B) joint estimation of the RTE and the FFO, and (IV.C) joint detection of the IFO and the SID, are studied in detail. whose impulse response (IR) is denoted as h lp [q] followed by a D-point decimator. Therefore, the sample stream fed into the long-lag differential correlator can be written as
represent the decimation operation and the lowpass filtering process, respectively;
2) Long-Lag Differential Correlation:
It is difficult to directly apply the ML estimation (MLE) approach proposed previously [11] , [19] to CFO estimation by using two neighboring PSSs because the PSSs are too far apart so that the range of a CFO estimator based on the arctan(·) function becomes too narrow and impractical. Upon PSS acquisition, the CFO can actually be as high as ±3 f . The differential correlator can effectively overcome the phase increment problem that occurs in the PN MF adopted in the previous works [6] - [10] .
If the previous works [6] - [10] had taken the intercell interference into account, three banks of PN MFs, corresponding to p 1 
, and p 2 [·], would unavoidably be required in a single timing alignment mechanism. However, it is not necessary that the sector search process accurately estimates α 0 , α 1 , and α 2 ; only the maximum among |α 0 |, |α 1 |, and |α 2 | suffices. The initial synchronizer need not resolve the PSS from the intercell interference, and the three banks of PN MFs are therefore unnecessary. The coarse timing alignment proposed here employs a differential correlator. It can extract the autocorrelation between two OFDM symbols that are separated by one half of a frame. The coarse timing alignment can thus be conducted based on the peak search of the autocorrelation evaluated at a long lag of M HF , i.e.,
where the superscript * denotes the complex conjugate;
is the number of samples within half a frame that is the separation of two identical PSSs; N slot = 10 is the number of slots in half a frame; L slot is the number of samples in a slot, which is N symb L symb + 16; L symb is the number of samples in an OFDM symbol with a CP of length L = 144, which is N + L; the length difference between the extended CP and the normal CP is 160 − 144 = 16; and N symb = 7 is the number of symbols in a slot. Coarse search of the PSS can be expressed asς
where
The first S × S term, S×S,1 [l] , is the desired term to search for the location of peak autocorrelation. Apparently, S×S,1 [l] attributes that the proposed coarse timing alignment method utilizes maximum ratio combining (MRC) on multi-sector reception. The second S × S term, S×S,2 [l] , is the self-interference term and is negligible at SNRs lower than 30 dB. At moderate SNRs, the two S × N terms, S×N ,1 [l] and S×N ,2 [l], dominate, and thus, the differential correlator suffers from a 3 dB degradation in SNR. At low SNRs, the N × N term,
, dominates and the threshold effect occurs around SNR = 0 dB [17] .
B. Joint Estimation of the RTE and the FFO Via Short-Lag Differential Correlation
After the PSS symbol is acquired and the frame structure can be roughly delineated, the RTE and the FFO can be estimated by exploiting the short-lag autocorrelation. The autocorrelations extracted from all CPs in the half frame that is buffered in the above-mentioned long-lag differential correlator are averaged to achieve stable and accurate estimates of the common RTE and the common FFO with no extra delay. The short-lag differential correlator output can be expressed as
In (7), 70 CPs are used to extract the autocorrelation at a fixed short lag N . 
where ι is the RTE [
R is the rounding operator, andι is the estimate of ι; {·} and {·} denote the real and imaginary parts of their arguments, respectively; and ε F is the FFO and is within (− The proposed joint estimator extracts the short-lag autocorrelations on a symbol-by-symbol basis during one half of an LTE frame (i.e., 5 ms), therefore exploiting the time diversity compared with the previous works [11] and [19] .
C. Joint Detection of the IFO and the SID
After the coarse timing alignment and the joint estimation of the RTE and the FFO are completed, the PSS can be accurately found and the ICI mainly resulting from the FFO can be reduced significantly. The joint detection of the IFO and the SID can be carried out in the FD because the ZC sequences are arranged into the PSS subcarriers. The FD PN acquisition technique used to estimate the IFO was first addressed in [17] . The previous works [12] - [16] also estimated the IFO by means of the PSS in the FD. The IFO determination techniques in [12] - [16] inevitably suffer from severe ICI and severe performance degradation because [12] - [16] do not conduct FFO compensation prior to IFO detection.
After ε F has been estimated and then compensated for in the preceding step, the IFO and the SID can be jointly detected by performing ZC acquisition on the ICI-free condition. As in [17] , the received signal is first transformed into the FD by an FFT. The resulting FD replica of the received PSS signalR [·] is used to perform cross-correlation with the three candidate ZC sequences by the corresponding FD PN MFs, i.e.,
where {x} /N denotes x modulo N ;R[k] is the kth subcarrier value of the N -point FFT of the FFO-compensated and timingaligned replica of the received signalr [q], i.e.,
is a shift of the subcarrier index; k is the subcarrier index; and subcarrier 0 is disabled. The joint detection of the IFO and the SID can be written as
where the superscript (·) T denotes the vector transpose. The method mentioned above applies under a frequency flat assumption because the summation in (9) requires to coherently accumulate the products on a subcarrier-by-subcarrier basis. In practice, frequency selective fading must be considered, and it may harm the aforementioned FD PN MF method because the FD PN MF accumulates cross-correlations that are weighted by the complex-valued frequency-selective channel fades. Based on [17] , a differentially coherent detection technique can overcome the frequency selectivity and can therefore achieve lower probabilities of false-alarm and miss occurrences. Initially, the locally generated ZC sequence andR [·] are individually taken into the differential operation. The resulting sequences are then cross-correlated with each other. The FD PN MF based on the subcarrier-level differentially coherent detection can be written as
The joint detection of the IFO and the SID can be written as
The above two-dimensional (2D) likelihood functions, (11), can be considered as two opposite extremes. 0 [ , v] requires the channel to be as frequency flat as possible so that the cross-correlations can be accumulated coherently. Moreover, because 0 [ , v] has the best noise suppression ability, the maximum-likelihood detection (MLD) in (10) has the highest detection probability in a noise-dominant environment. On the other hand, 1 [ , v] can deal with the worst frequency selectivity, but the detection performance of (12) would be significantly degraded by the heavy noise and non-negligible ICI inevitably resulting from the Doppler spread [17] . Between these two extremes, a few choices of 2D likelihood functions are available. First, the IR of the FD PN MFs can be segmented and piecewise crosscorrelated withR {k + N } /N to generate partial correlations (PARCORs), in which each segment covers a few subchannels. Then, the segmental MF (SMF) outputs, i.e., the extracted PARCORs, are fed to the FD differential correlator to exploit the frequency diversity, i.e., 2 [
is the SMF output (i.e., the lth PARCOR) with S = 2, 4, 8, 16 representing the SMF IR length. The joint detection of the IFO and the SID can be written as
When S = 
where χ v (τ, ρ) represents the ambiguity function (AF), which can be considered as a two-dimensional correlation function and has been commonly employed in radar applications [27, ch. 3] . Accordingly, the joint ML estimator (JMLE) of the RTE τ , the CFO ρ, and the SID v may be built as in Fig. 3 . The JMLE consists of three banks of correlators, in which each bank corresponds to an SID v. Each bank consists of L continua of correlators, in which each continuum corresponds to an RTE τ withτ = kT s . Each continuum consists of (2n δ + 1) correlators, in which each correlator corresponds to a CFO ρ witĥ
The maximum of |χ v [k, l]| is employed to jointly estimate the RTE, the CFO and the SID in the ML sense. To assure the accuracy of the RTE estimation, the sample stream fed into the JMLE must have the sample duration T s . On the other hand, to keep the RTE estimation range wide enough to accommodate a normal CP, L continua of correlators are employed in a bank. To assure the accuracy of the CFO estimation, the frequency separation between two contiguous correlators in a continuum is set to ρ. On the other hand, to keep the CFO estimation range wide enough to accommodate a tolerable CFO, (2n δ + 1) correlators are employed in a continuum. Many previous techniques are special cases of the JMLE in Fig. 3 with some nuisance parameters and thus work as a single bank of, a column of or a row of correlators.
VI. PERFORMANCE ASSESSMENT
The performance assessment of joint IFO and SID detection can be considered as a special case of [17] . This section therefore focuses on the statistical evaluations of the coarse timing alignment and the joint RTE and FFO estimation in the presence of intercell interference.
A. PSS Detection
The instantaneous SNR of the signal from sectors indexed by v can be expressed as
Because Rayleigh fading is assumed, v , v = 0, 1, 2 are independent exponential RVs that have probability density functions (PDFs) and cumulative distribution functions (CDFs) [28] 
and 
where c v =
. If α 0 , α 1 , and α 2 have an identical distribution, (18) does not hold due to the region of convergence for the MGF. Under an independent and identically distributed (IID) condition, MRC is a χ 2 RV with six degrees of freedom (DoFs), i.e.,
where (·)! denotes the factorial operator and¯ = 2 v=0¯ v . The IID assumption results in an equal power distribution across the multi-sector receptions. This configuration corresponds to the worst-case scenario in which the mobile station is located near a corner of three neighboring cells.
Because PSS acquisition cannot be completed when ≤ TH , the PSS acquisition process must be re-started. In the LTE specification, TH = −6.4 dB [30, Sec. 8.6]. The probability of a PSS being missed due to deep fades can be expressed as
where T . Thus, the PSS detection probability can be written as
On the other hand, the conventional technique has concern to take care of intercell interference with no exploitation of multi-sector diversity; therefore, the conventional technique employs the highest correlator output and can be considered a selection combining (SC) method. The instantaneous SNR of SC reception can be expressed as
. Therefore, the outage probability and the PSS detection probability obtained using SC can be written as 
B. Joint Estimation of the RTE and the FFO
Using step-by-step estimation, the RTE τ is first estimated by considering the FFO and channel gains as nuisance parameters. Through the derivations in the appendix, the MCRLBs of the RTE estimations on MRC and SC receptions can be expressed as
The error variances of the FFO ρ estimations on MRC and SC receptions are bounded by
VII. SIMULATIONS
Simulations were conducted to verify the improvements achieved by the proposed techniques. The parameters employed Fig. 4 . PSS detection probability on Rayleigh fading channels when the signals received from the 3 sectors are of equal power. "Flat" stands for "frequency-flat fading" and "Sel." stands for "frequency-selective fading". here are mainly obtained from the LTE specification [1] . The Rayleigh fading channel is generated with Jakes' fading simulator [32] , and the mobile speed is set to 30 and 300 km/h to test the proposed methods in frequency-selective and frequencyflat fading channels, respectively. A tapped-delay-line (TDL) was also used to model the frequency-selective fading channel, and the tap-weighting coefficients are modeled with uncorrelated Jakes' Rayleigh faders. Four active propagation paths are equally separated over 96T s = 3.125 µs, which is slightly shorter than a normal CP (i.e., 144T s ), and all paths are of equal power. There are 97 taps in the TDL channel model, but only four tap-weighting coefficients are active. Thus, the root-meansquare (rms) delay spread is σ τ = 16 √ 5T s = 1.1646 µs, and the coherence bandwidth can be calculated as B C,90% =
T . To simulate the intercell interference in practical environments, the three PSS signals are transmitted simultaneously with equal powers, and the signals individually propagate through mutually independent fading. This scenario models a mobile station experiencing a handover process at a corner among three adjacent cells. Meanwhile, all data subchannels are also occupied by random data, instead of being blank.
A. Coarse Timing Alignment
Only the central M SS subcarriers of the N total subcarriers are employed to transmit the PSS signals. The other subcarriers inevitably introduce interference and noise to the sector search process. Most previous studies [4] , [6] - [10] have assumed ideal lowpass filtering to ignore the interference and noise that result from data subcarriers. This assumption is impractical and may lead to over-optimistic performance assessment. Although an ideal LPF can effectively reject the interference and noise, its long IR may harm the accuracy of timing error estimation. A high-order LPF can effectively suppress the interference and noise with high hardware complexity. For system feasibility, a first-order IIR LPF is suggested here that has transfer function
After the LPF, the received signal can be downsampled by D times with no essential loss. Therefore, the coarse timing alignment can be performed at the lower sampling rate, which can significantly reduce the computational complexity. Figure 4 presents the PSS detection probability versus the average SNR per sample,Ē
1) PSS Detection Probability:
Combining the multi-sector signals via MRC reception can achieve higher probabilities of the PSS detection. The statistical analysis results (21) and (22) are also shown to serve as theoretical benchmarks. As can be seen in Fig. 4 , the simulation results are close to the statistical analysis results. In addition, the proposed technique with MRC outperforms the conventional technique with SC by roughly 10 log 10 3 = 4.7712 dB in SNR. The proposed technique extracts autocorrelations on signals coming from different cells by means of the longlag differential correlator, thereby, exploiting the multi-sector diversity.
2) Coarse Timing Alignment: Figure 5 displays the CDFs of a sector search success versus the required number of frames for various SNRs. From Fig. 5 , it can be easily seen that the sector search can be completed faster (1) for higher SNRs, (2) with exploitation of the LPFs to suppress the out-of-band interference and noise, or (3) in multipath environments because of the inherent frequency diversity; the CDFs obtained using the ideal LPF and H L (z) in (27) are close, and the ideal LPF and H L (z) in (27) have similar abilities to save time during the coarse timing alignment by effectively reducing the interference and the noise; and finally, the proposed technique achieves a success rate of over 80% of the PSS acquisition with timing errors smaller than a normal CP length in approximately 160 ms, even when strong intercell interference exists,Ē s N 0 = −10 dB and σ τ = 1.1646 µs.
An initial CFO of 10 or 20 ppm of the carrier frequency is on the level of a few subcarrier spacings, thus, destroying a timing error estimator based on PN MF with IR as long as T . As a result, [6] - [11] cannot work when the CFO is on the level of f = 1 T . Figure 6 presents MS timing errors obtained using the coarse timing alignment studied here. The initial CFO of 10 or 20 ppm of f c does not change the MS timing errors significantly. This means that the long-lag differential correlator has high resistance to CFO. The proposed coarse timing alignment can achieve sufficiently low timing errors on the level of a few samples, which is significantly shorter than a CP. Thus, the joint RTE and FFO estimator can begin to work. It is also observed that H L (z) in (27) can effectively reduce the interference and noise coming from the data subcarriers with significant reduction of hardware complexity. thus leads to high error floors for the estimation of the RTE and the FFO. (3) The joint estimator studied here can achieve sufficiently low FFO estimation error, thus reducing the ICI. (4) The studied estimator can achieve significantly lower FFO estimation errors than the JMLE in Fig. 3 . Although the JMLE in Fig. 3 employs very high complexity, the JMLE in Fig. 3 suffers from the unavoidable ICI caused by the FFO and higher error floors therefore occur. Moreover, the JMLE in Fig. 3 takes care of the cross-correlations between the received signal and the three PSSs to resolve the received signal, thereby not exploiting the multi-sector diversity.
B. Joint Estimation of the RTE and the FFO
The MCRLBs obtained using the MRC and the SC methods are also demonstrated in Fig. 8 to serve as operational references instead of performance bounds; additionally, (23), (24), (25) , and (26) were derived for the scenario in which a single PSS signal is transmitted as a training sequence to conduct timing error and frequency offset estimation, and thus, the multi-sector and multipath diversity combining techniques are perfectly accomplished. Although the JMLE actually exploits a single PSS signal to estimate the CFO, multipath reception and multi-sector diversity are not accomplished effectively. The joint RTE and FFO estimator studied here exploits 70 CPs to leverage the time diversity caused by the time variations of the channel fades, to effectively suppress the interference and noise, and to exploit the inherent multipath diversity; as a result, lower MS errors are achieved. Because the 70 CPs contain 70 × 144 samples and a PSS signal constitutes 2048 samples, the joint estimation of the RTE and the FFO can gain a 10 log 10 (70 × 144/2048) = 6.9213-dB SNR advantage through the suppression of interference and noise by the moving averager. In Fig. 8 , if the curves of (25) and (26), i.e., the solid curves labeled with pentagons and squares, are moved in the negative direction by 6.9213 dB, the two dotted curves labeled with hexagons and diamonds can be obtained to serve effectively as a lower bound on the FFO estimation error. Because the channel varies over time with a coherence time T C = 0.762 to 7.62 ms and the short-lag differential correlator extracts the autocorrelation from 70 OFDM symbols, the time diversity is therefore exploited in the proposed technique.
C. Joint Detection of the IFO and the SID
Figures 9 and 10 present the IFO and the SID detection probabilities for frequency-selective fading channels, respectively. The following three observations can be made from these figures. (1) The proposed technique exploiting either coherent detection or subcarrier-level differentially coherent detection can achieve high IFO and SID detection probabilities even when the mobile station is located at a corner among three cells. (2) The differential correlator assisted by the SMFs may achieve slightly higher IFO and SID detection probabilities for the frequency-selective fading channel. (3) The JMLE in Fig. 3 has the lowest IFO and SID detection probabilities. Even if the rms delay spread is as high as σ τ = 1.1646 µs (i.e., the multipath delays are spread over 96T s ), the 50% coherence bandwidth of the frequency-selective fading channel covers more than 10 subcarriers, and thus, the frequency selectivity is not significant. Therefore, differentially coherent detection with SMFs covering approximately 10 subcarriers can achieve the highest IFO and SID detection probabilities. This means that differentially coherent detection with SMFs actually exploits the frequency diversity.
VIII. CONCLUDING REMARKS
A novel initial synchronization system that consists of three proposed techniques for the sector search process in LTE communication systems has been studied. The proposed techniques utilize auto-correlation, cyclic-extension correlation, and differential cross-correlation to acquire the symbol timing, the frequency offset, and the SID. The proposed techniques can effectively deal with frequency selectivity, time selectivity, and intercell interference. The techniques also reduce the computational/hardware complexity by effective lowpass filtering and downsampling. Simulation results in conjunction with rigorous derivations of the PSS detection probability and MCRLBs have been presented to demonstrate the improvements achieved using the proposed methods. The proposed techniques outperform those proposed previously by inherently exploiting the multi-sector diversity, the time diversity, and the frequency diversity. 
APPENDIX
Element I 1,1 of the Fisher information matrix (FIM) I ( D ) can be found as
In accordance with the Cauchy-Schwarz Inequality,
and (24) can be obtained. Suppose that the timing error estimation is completed and that the timing error can be significantly reduced; then, the LLF of ρ D can be modified from (28) and written as L ,1 (ρ 
The Fisher information of ρ D can be written as [28] 
can be rewritten as J ≤
The frequency offset ρ D is estimated by considering the channel gains as nuisance parameters. As a result, the MCRLBs of the frequency offset estimation derived for MRC and SC receptions can be expressed as
Because
Thus, (25) and (26) can be obtained. 
